the polyphosphoinositide (PPI) 3-phosphatase PTEN in that, rather than containing two basic residues, it contains cellular processes that include growth, cell survival, motility, and membrane trafficking. Recent studies two conserved aspartate residues. In this respect, it more closely resembles the Sac1 phosphoinositide phosphatase and when heterologously expressed in S. cerevisiae, and to thereby provide the first clearly and monitored the liberation of free phosphate by using a malachite green colorimetric assay [3] . Under the experidefined route for the cellular production of PtdIns5P. Overexpression of a catalytically dead mental conditions used, significant activity was detected against only two of seven potential PPI substrates,
and when heterologously expressed in S. cerevisiae, and to thereby provide the first clearly and monitored the liberation of free phosphate by using a malachite green colorimetric assay [3] . Under the experidefined route for the cellular production of PtdIns5P. Overexpression of a catalytically dead mental conditions used, significant activity was detected against only two of seven potential PPI substrates,
MTMR3 (C413S) in mammalian cells induces a striking formation of vacuolar compartments that
PtdIns3P and PtdIns(3,5)P 2 ( Figure 2 ). This activity was mirrored by HA-tagged MTMR3 immunoprecipitated enclose membranous structures that are highly concentrated in mutant proteins. from transfected Hela cells (not shown). Activity was not registered by a C-terminally truncated form of MTMR3 profiles within the cell lumen ( Figure 3 ).
was determined with the Malachite Green assay described and is expressed as mOD units. Significant activity was found for full-length protein with PI3P and PI(3,5)P 2 .
Yeast cells normally have low levels of PtdIns(3,5)P 2 but no detectable levels of PtdIns5P (Figure 4a ). PtdIns5P has been shown to be represented at detectable levels in fibroblasts [6] , but a cellular pathway for the production PtdIns(3,5)P 2 is produced in yeast by the action of the of this lipid has not been hitherto described. A PtdIns PtdIns3P 5-kinase Fab1 [10] . ⌬fab1 cells are unable to 5-kinase (PIKfyve) has been identified, but available eviproduce PtdIns(3,5)P 2 basally or in response to osmotic dence suggests that its physiological substrate is PtdIns3P shock. In these cells MTMR3 is also unable to promote rather than PtdIns [7, 8] .
the formation of PtdIns5P, confirming PtdIns(3,5)P 2 as the relevant substrate for MTMR3 phosphatase activity In yeast expressing MTMR3, an additional peak on the ( Figure 5b ). It is also evident that MTMR3 activity leads HPLC gradient used to separate GroPInsPs is evident to reduced levels of PtdIns3P as predicted from in vitro ( Figure 4c ); this peak is not produced in cells expressing data, although we are not able to definitively say whether the phosphatase dead mutant MTMR3 (C413S) (Figure this is due to a direct action on PtdIns3P or to increased 4e). This peak migrates fractionally more slowly than PtdIns(3,5)P 2 turnover. PtdIns4P. We suspected that this may correspond to PtdIns5P produced from the phosphatase activity of MTMR3 exerted on PtdIns(3,5)P 2 . This was confirmed
We have analyzed the sub-cellular distribution of epitopetagged MTMR3. The wild-type protein is largely cytoby the finding that the emergent peak exactly comigrated with a GroPIns5P standard (Figure 5a ). Accordingly, the solic, but both punctate and reticular staining (which overlaps with the ER marker calnexin) are also evident (see PtdIns5P peak increased in MTMR3-expressing cells that were subjected to osmotic stress, owing to enhanced levels
Figures S1 and S2 available with this article on the internet). Unusually for a FYVE domain-containing protein, of PtdIns(3,5)P 2 substrate [9] , but was not observed in MTMR3(C413S)-expressing cells despite increased levno colocalization with endosomal markers could be found.
A point mutation (C413S) at the active site of the phosphaels of PtdIns(3,5)P 2 ( Figure 4f ). rial). Electron microscopic examination revealed the subcellular localization at high resolution of the wild-type and the mutant protein.
Immunogold labeling of ultrathin cryosections showed that the wild-type protein was in lysosomes. It has been suggested that the ER provides the the cytosol but also concentrated at the cytosolic face of membrane that wraps around cytosol and organelles in the membranous structures (Figure 6a ). These labeled meminitial step of autophagosome formation [12] . branes are poorly defined morphologically but are dispersed throughout the cell. In contrast, the C413S mutant Previous studies have identified a link between autophagy was found most frequently accumulated in internal memand PPI metabolism. PtdIns 3-kinase activity, leading to branes of 200-350 nm compartments that appeared to the generation of PtdIns3P, is required for autophagy in contain both cytosol and lysosome-like structures. The both yeast and mammalian cells [13, 14] . Note that this limiting membrane, which engulfs these components, was requirement would be a prerequisite for regulation of mostly free of gold particles (Figure 6b ). These structures autophagy via the phosphoinositide phosphatase activity are only induced by C413S protein expression and could of MTMR3. be observed throughout the cell. Morphologically they resemble autophagosomes.
How then might phosphatase-inactive MTMR3 operate on a pathway of organelle biogenesis in mammalian cells Autophagy is a fairly mysterious process in mammalian cells, at the molecular level, although recent progress in as seen in Figure 6b ? One possibility is that MTMR3 (C413S) can act either as a substrate trap or as a dominantyeast has been very rapid [11, 12] . Classically it is induced by nutrient deprivation. It is a multi-step process that innegative mutant that inhibits endogenous enzyme activity. Local accumulation of this substrate or the failure to volves the bulk sequestration of both cytoplasm and membrane-bounded organelles and that ultimately leads to the generate breakdown products at the appropriate location may then lead to the observed morphological changes. degradation of autophagocytosed material after fusion with sulting in 20%-40% of the cells expressing the transfected protein after 24 hr.
SF9 cells were incubated at 27ЊC in IPL-41 insect medium (Sigma, United Kingdom) supplemented with 10% fetal bovine serum, 2% yeastolate, fungizone (2.5 g/ml), and gentamycin (50 g/ml). All cell culture reagents were from Life Technologies, United Kingdom, unless stated otherwise.
Plasmids and strains
The open reading frame (ORF) for human MTMR3 was amplified by polymerase chain reaction (PCR) from pBluescipt-KIAA0371 (cDNA, a kind gift of T. Nagase, Japan), cloned into the pGEMT vector, and sequenced. GFP-MTMR3 and HA-MTMR3 were generated by further subcloning the MTMR3 ORF into mammalian N-terminal-tagging expression vectors pEGFP-C2 (Clontech) and pcDNA3.1-HA (a pcDNA3.1 [Invitrogen]-derived vector that was obtained by the insertion of a Kozaksequence and an HA tag between the KpnI and EcoRI sites of the multiple cloning site). The full-length protein and a C-terminal deletion mutant including the phosphatase domain (1-488) were subcloned into pAcG2T (Pharmingen) for the generation of recombinant baculoviruses MTMR3 and MTMR3 (1-488), respectively. A point mutant was generated by site-directed mutagenesis (Quickchange, Stratagene) at the active site of MTMR3 with the primers 5Ј-CCGGTGCTAGTACACTCCT CAGATGGCTGGGAC-3Ј and 5Ј-GTCCCAGCCATCTGAGGAGTG TACTAGCACCGG-3Ј, and the resultant phosphatase dead construct (C413S) was subcloned into pAcG2T and into pcDNA3.1-HA. A point mutant (C1174S) in the FYVE domain of MTMR3 was generated by site-directed mutagenesis with the primers 5Ј-CGAGTATGCAAGTCTT CCTATAGCAGCCTAC-3Ј and 5Ј-GTAGGCTGCTATAGGAAGACTT GCATACTCG-3Ј and was subcloned into pcDNA3.1-HA. Electron microscopy additional GroPIns5P peak observed in GFP-MTMR3-expressing cells Transfected HeLa cells were fixed for 2 hr in either 2% paraformaldehyde is indicated by a white arrow.
or 2% paraformaldehyde/0.125% glutaraldehyde in 0.2 M phosphate buffer (PB) (pH 7.4). Cells were processed for ultracryomicrotomy as previously described [15] . In brief, cells were scraped gently with a rubber policeman, and cell pellets were washed four times with PB containing 50 mM glycine. Cells were then embedded in 10% gelatin,
We also consider an alternative model, albeit a speculative and after solidification at 4ЊC, small blocs were prepared and infused one, in which phosphatase substrate would act as an allo- other Myotubularin family members may operate in a similar fashion.
Baculovirus production, transfection, and protein production
Baculovirus production and transfection were carried out with the BaculoGold system (Pharmingen) according to the manufacturer's in-
Materials and methods
structions. SF9 cells were used for amplification of virus and protein production. Infected Sf9 cells (3 ϫ 15 cm dishes) were harvested after
Cell culture and transfection
HeLa cells were incubated with Dulbecco's Modified Eagle Medium three days, washed, and resuspended in 5 ml lysis buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 1 M ZnCl 2 , 1 mM DTT, and protease inhibitor supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 1% penicillin/streptomycin at 37ЊC, 5% CO 2 . A standard cocktail [Sigma]) before breakage by probe sonication. The supernatant from a spin at 21,000 g for 15 min was then incubated with glutathionecalcium phosphate precipitation method was used for transfection, re- and resolved by anion exchange HPLC on a 25 cm Partisphere 5 m 100 mM KCl, 1 M ZnCl 2 , and 2 mM DTT [pH 7.2]) at 2500 pmol per SAX column, as described previously [9, [16] [17] [18] with the exception that 50 l per experimental point and shaken. The protein to be tested was 5 mM tetrabutylammonium hydrogen sulfate (Sigma) was included in added for the indicated time period, and the reaction was stopped by the acid used to split the Folch mixture into two phases. the addition of malachite green solution as previously described [3] . The reaction was measured by the change in absorption at 650 nm; appropriate controls were used. 
Synthesis of an authentic [

Extraction and quantification of inositol lipids in yeast
Yeast strains were radiolabeled (10 Ci/ml [3H] myo-inositol) in 5 ml lipids were extracted, deacylated, and resolved by HPLC, and the [ 32 P]GroPIns(3,5)P 2 peak was collected and desalted. [
32 P]GroPIns(3,5)P 2 of inositol-free synthetic complete media lacking uracil and methionine (SC-Ura-Met) for 4-6 divisions (to a density of 2 ϫ 10 6 -4 ϫ 10 6 cells/ (500,000 dpm) was then treated with 0.7 ml of erythocyte ghost mem-
